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ABSTRACT

We present a comparison of three computer codes (GENRAT-DEAP,
Aerospace Corporation; TFT, Ktech; and XRT, S-Cubed) designed to calculate
the heating in thin layers caused by the deposition of X-rays. In addition to the
X-ray deposition process, these codes treat the thermal and mechanical
processes in different ways and to differing degrees of accuracy. There is an
interest in identifying the relative accuracies of these codes in predicting the
survivability of optical coatings subjected to intense X-ray fluxes. A few test
cases of coatings design and X~ray fluences have been defined and run on each
code. The results are presented and a comparison made for each design. As a
benchmark for comparing the X-ray deposition part of each code, the
Lawrence Livermore National Laboratory (LLNL) code TART has been run for
the same data set. These results are also presented.

* This work was funded by the Strategic Defense Initiative Organization
through the Air Force Weapons Laboratory and the Rome Air Development
Center and was performed under the auspices of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.



INTRODUCTION

In the preceding two papers, the effort to characterize optical surfaces
by the Angular Resolved Scatterometer(]) and the experimental program(z) to
understand the behavior of optical elements exposed to X-rays have been
discussed. In this paper, our theoretical program to calculate the effects of
X-rays on optical elements is presented. Specifically, we discuss a comparison
of three computer codes designed to calculate the effects of the deposition of
X-rays in thin layers. In addition to the work at the Lawrence Livermore
National Laboratory, this paper involves efforts on the part of Aerospace
Corporation (Los Angeles, CA), Ktech Corporation (Albuquerque, NM), and
S-Cubed (La Jolla, CA). The three computer codes are GENRAT-DEAP(3-9),
at Aerospace Corporation, TFT (Thin Film Transport)(6‘3) at Ktech
Corporation, and XRT (X-Ray Transport)(9"”) at S-Cubed. These three
computer codes treat the X-ray deposition process, the resulting thermal
behavior, and mechanical response in different ways, with different numerical
techniques and to differing degrees of accuracy.

The present study investigates the relative accuracies of these codes in
predicting the survivability of optical coatings exposed to intense X-ray
fluences. This has been done by creating four model optical element designs of
two distinct types and by taking three X-ray spectra of various fluences.
Altogether, there are more than 100 calculations in the test suite discussed in
this paper. For brevity, only a few calculations typical of the results of the
comparison study are shown. As a benchmark for comparing the X-ray
deposition Fart of each code, the Lawrence Livermore National Laboratory
code TART{12,13) has also been run on the model problems.

To facilitate the comparison effort, the codes use the same physical data
including cross sections and thermal conductivities as well as the same spatial
and energy zoning to the maximum extent possible given the various code
restrictions. While the same physical data were entered, there is no guarantee
that identical data were employed during the calculations, since each code uses
a different data interpolation scheme. In addition, some of the codes select
their own zoning based on accuracy or other conditions and hence use of
exactly identical zoning is not, strictly speaking, possible. -

THE THREE CODES

For the sake of completeness, a brief description of the three computer
codes is given in this section. For more detailed information, the reader is
directed to the previously indicated references.

All three computer codes have two properties in common. They are all
one dimensional in physical space. That is, they solve their physics equations in
one spatial dimension, namely mirror thickness, and assume that the other two
dimensions are large by comparison. In addition, the numerical schemes are all
deterministic.

GENRAT-DEAP, having been developed in the early 1970s, is the oldest
of the three computer codes. It is also the simplest of the three. It




incorporates the physics of X-ray deposition and that of thermal conduction.
Secondary effects such as fluorescence and electron deposition are not
included. The energy resulting from X-ray deposition is coupled immediately
into the thermal electron sea and the time-~dependent diffusion equation for
thermal transport is solved with the corresponding sources. The equation for
X-ray deposition is solved by a multigroup, finite element integration. The
thermal conduction equation is solved by finite difference using an explicit
three time-level, modified Du Fort Frankel method.

TFT is the newest of the three computer codes. It is a public domain
code available through the United States Air Force. Development started in
1983 and continues at the present time. Consequently TFT has not been used
by the community as much as the other two codes. TFT, however, is more
robust in the physics it addresses than GENRAT-DEAP. Like XRT, it includes
the physics of X-ray deposition, electron transport, thermal conduction and
mechanical response. The calculation of heating caused by the deposition of
X-rays and the resulting thermal and mechanical behavior represents a
somewhat more complicated exercise than typical of most standard modeling
efforts. The reasons for this are two—fold. First, the mean free path of photo
and autoionization electrons is comparable to the thickness of the thin films
and thus the deposition of electrons cannot be considered local. Second,
thermal diffusivities have a significant density dependence and thus mechanical
response couples strongly to thermal behavior. In TFT, the equation for X-ray
deposition is solved by a multigroup forward-backward direction integration
scheme. Electron transport is performed by an overlay of geometric isotropic
distributions based on higher order Spencer solutions. Thermal conduction is
provided by a one-dimensional explicit solution of the heat conduction
equation. The equations for mechanical response are those of the Puff 74
code(14) which implements a standard von Neumann Richtmyer Brode explicit
finite difference method.

XRT is perhaps the most commonly used of the three computer codes. Its
development started in the late 1970s. Like many computer codes, it continues
to undergo revisions and additions. The most recent include conversion to the
Cray line of supercomputers and coupling to a Puff-like mechanical response
code. XRT, like TFT, is more robust in the physics it addresses than
GENRAT-DEAP. Specifically, it models in one spatial dimension the physics of
X-ray deposition, electron transport, thermal conduction and mechanical
response. As far as the physics is concerned, XRT and TFT are intended to
address the same physical phenomena. They do differ in the details as well as
in the numerical methods used. XRT handles X-ray deposition by multigroup
discrete ordinates. It does electron transport by the method of characteristics,
applied to a two-term spherical harmonics expansion approximation (P1) of the
Spencer-Lewis electron transport equation. Thermal transport is obtained by a
simple Richardson extrapolation of a fully implicit backward Euler solution of
the heat conduction equation. The equations for mechanical response are
handled by a Puff-like code which implements a standard von Neumann
Richtmyer Brode explicit finite difference method.



THE MODEL PROBLEMS

Two different types of model problems are employed in the calculations
described in this paper. As can be seen from their simplicity, they have been
chosen strictly as model problems and are, not intended as actual mirror
designs. One type has a fused silica substrate of .5 cm with a beryllium energy
sharing layer of 1000 nm and a reflective overcoating, either aluminum or gold,
of 75 nm and 125 nm, respectively. The other consists of a heavy metal, either
gold or molybdenum, substrate of .5 cm with an aluminum layer of 75 nm and
an overcoating of aluminum oxide of 150 nm. There are, thus, a total of four
model optical element designs. These are depicted in cross section in Fig. 1.

In addition to the model optical element designs, it is necessary to
specify model spectra, fluence, pulse shape and duration. There are three basic
types of model spectra - argon, monoenergetic and blackbody. The argon
spectrum is a model of the output of the Blackjack V simulator at Maxwell
Laboratories in San Diego. Its pulse has an isosceles triangular shape with a
base of 28.6 ns. Three fluences, .1, .5, and .9 cal/cm2, are employed in the
calculations. For the monoenergetic spectra, no thermal calculations are
intended. Hence, no fluence, pulse shape or duration are specified for them.
Two blackbody spectra of 1 and 4 keV energy and .1 and .4 cal/cm? fluence,
respectively, with a pulse duration of 10 ns are also used. For convenience, the
model spectra are summarized in Table 1.

DATA AND PARAMETERS

The physical data used in this exercise are those of the bulk materials. In
the real world, the properties appropriate to thin films, where they differ from
bulk materials, must be used. These data have been mutually agreed upon as
being suitable for the purpose of common input to the codes. We note that
these data are not necessarily accurate. The choice and use of such data
derive solely from expediency.

Thermophysical gata for the six materials used in the model problems are
those of Childs.(15,16) The specific properties are: 1. density (g/cm3); 2.
melting point (°C); 3. vaporization point (°C); 4. heat of fusion (cal/g); 5. heat
of vaporization (cal/g); 6. heat capacity (cal/g-°C); and 7. thermal
conductivity (cal/sec-cm-°C).

The argon spectrum used in the calculation is that defined by Merker(17)
in 37 specified energy bins with a normalized fraction of fluence in each energy
bin and an isosceles triangular time pulse of 28.6 ns. The 1 and 4 keV
blackbody integral spectra in 109 energy bins are also provided by Childs.(18

The X-ray interaction data, provided by Watts,(19) are those of Biggs and
Lighthill.(zo) Specific data include: 1. placement in energy of the primary lines
(keV); 2. average K fluorescent energy (keV); and 3. photoelectric cross
section. The Biggs and Lighthill X-ray interaction data are used in the
GENRAT-DEAP, TFT, and XRT calculations. By contrast, TART calculations
are based on the standard evaluated Livermore X-ray interaction data.(2



Initially, the spatial zoning for the deposition phase of the calculations is
taken as ten equal width zones within each film or substrate layer. For
calculational purposes, the .5 cm substrate contains four layers of increasing
thickness. Layer thicknesses are 1., 10., 100., and 4889 ym with the 1 um
thickness next to the film layer. Since each model mirror design has two films
and a substrate of four layers, there are 60 zones in the calculations. An initial
set of calculations with this zoning shows that this particular choice is
marginal in the sense that not all of the calculations are converged.
Subsequent calculations and most of the ones reported here have been made
with twenty or more equal width zones for a total of 120 or more zones. The
mechanical response calculations have been made with a 1000 or more zones.

The test set matrix of the calculations performed for the code
comparison is shown in Table 2. The spectra are labeled by the letters A, B,
and C across the top of Table 2. These letters identify the model spectra in
Table 1 as given under the reference letter heading. The designs are labeled by
the numbers 1, 2, 3, and 4 down the left hand side of Table 2. These numbers
identify the model designs in Fig. 1. The presence of an "x" indicates that
calculations are included in the test set. All cases have been run both with and
without secondary effects, including fluorescence and electron production.
Dose data have been compared for all cases. In addition, thermal and
temperature data at the end of pulse have been calculated for the cases
involving the argon and blackbody spectra. No thermal or temperature data
have been computed for the monoenergetic spectra. Finally, mechanical
response calculations have been performed only for design 1 exposed to a .9
cal/cm?2 fluence argon spectrum. Mechanical effects are often quite important
in understanding mirror responses to X-ray fluences. Our choice of only one
model mechanical response problem is due to the very long computer running
times such calculations require.

RESULTS

Representative computational results are displayed in Fig. 2 through Fig.
28. Figures 2 through 11 contain the results for the argon spectrum
calculations. Figures 12 through 16 contain the results for the monoenergetic
deposition calculations. Figures 17 through 26 contain the results for the
blackbody spectra calculations. Figures 27 and 28 contain the results of the
mechanical response calculations. The formats for Figs. 27 and 28 are not the
same as those for Figs. 2 through 26 and consequently they are discussed
separately below.

Figures 2 through 26 have the following format. One of these quantities,
either normalized dose (cm2/g), enthalpy (cal/g) or temperature (°C), is plotted
versus layer number. Within each layer number the scale is linear. However,
the scale changes.from one layer number to the next. For example, in Fig. 2,
layer number 1 consists of 75 nm of aluminum while layer number 2 consists of
1000 nm of beryllium. Thus, the distance between the numbers 1 and 2 on Fig.
2 is 75 nm, while the distance between the numbers 2 and 3 is 1000 nm. To aid
the reader, the thicknesses and compositions of these layers are displayed at
the top of each figure below the caption.



Results in Figs. 2 through 26 are displayed in the following systematic
fashion. The first group of figures contains the calculations without secondary
efforts. These calculations are those of GENRAT/DEAP, TFT, XRT and
TART. The second group of figures contains the calculations with secondary
efforts. These calculations are those of TFT and XRT. Since GENRAT/DEAP
and TART do not, in general, include secondary effects. However, it should be
noted that TART calculations always include fluorescence but do not include
the effects of secondary electrons. In temperature and enthalpy plots, the
fluence level in cal/cm? is included in the caption. For monoenergetic and
blackbody spectra, the energy is also included in the caption.

Figures 27 and 28 contain the results of the mechanical response
calculation of design 1 exposed to an argon spectrum at .9 cal/cm?2 fluence.
They include only TFT and XRT results, since GENRAT/DEAP and TART do
not include the necessary physics. Unlike Figs 2 through 26, the stress (kbars)
in Fig. 27 is displayed in a linear scale in distances from the mirror surface.
Figure 27 is a snapshot jn time. For the TFT calculation, the time is 15 ns.
For the XRT calculation the time is 17 ns. In spite of the slight difference in
time, the two calculations are in remarkable agreement. Indeed the XRT
computation has propagated the pulse a somewhat further distance as one
would expect. Figure 28 contains a plot of stress (kbars) versus time (ns) at a
specific position within the mirror. For the TFT calculation, the position is 594
nm into the substrate. For the XRT calculation, the position is 954 nm into the
substrate. The noise in the TFT calculation is believed to be the result of
modeling the triangular time pulse of the argon spectrum with 24 histograms,
combined with the signal reflection/transmission at each interface where an
impedance mismatch occurs. In spite of the difference in position, the two
calculations are in close agreement when one does a time filtering of the TFT
results. Indeed, the XRT calculation being further from the front mirror
surface lags somewhat behind in time when compared with the TFT
calculation. This is exactly what one would expect physically.

CONCLUSIONS

Based on the previously displayed results, we make the following
observations. Once adequate spatial zoning is used and proper boundary
conditions in the substrate are taken, the four computer codes are in extremely
good agreement for the deposition part of the calculations. In the deposition
calculations, the complicated nature of the blackbody, and argon spectra
overwhelm any differences in methods or data. Consequently, the
monoenergetic spectra model problems are vital to understanding computer
code and data differences. For example, in runs where no secondary effects
are to be included, we clearly see that fluorescence has been included in the
XRT and TART calculations. This explains the differences between XRT and
TART on the one hand and GENRAT/DEAP and TFT on the other, as displayed
in Fig. 14, because fluorescence is an important effect in gold at 20 keV. It is
also evident that the X-ray interaction data and use in the four codes are not
identical. These cause a factor of 5 difference in dose, for example, in
placement of the K-edge in molybdenum at 20 keV. Use as reflected in the
interpolation scheme also causes a few percent difference. Although there are
minor differences in X-ray dose calculations, none are large.



By contrast, there are large thermal and temperature differences which
cannot be explained by the differences in dose. These differences are
substantial in gold, while less so in molybdenum. There is reasonable
agreement with fused silicon, however. We believe that these differences are
largely caused by the methods used to treat the melting phenomenon in the
various codes. Additional work is underway to verify these observations. The
treatment of secondary electron production transport and deposition clearly
differs between XRT and TFT. The differences are especially noticeable at the
interface between a heavy metal such as gold and a light metal such as
aluminum. Some preliminary calculations with the TIGERP electron photon
Monte Carlo code which is expected to be valid only for energies above 1 keV
are inconclusive. Results for 50 keV photon energy are similar to those of XRT
whereas results at 20 keV lie half-way between those of TFT and XRT. We are
currently investigating the sources of these differences. Finally, mechanical
response calculations provided by TFT and XRT are quite similar where the
dose and thermal calculations are also similar.

For those concerned with designing survivable optics, we recommend the
use of more than one code to calculate any specific design in a given
environment. Additional work in tracking down the differences in secondary
electron effects, for example, by inventing monoenergy electron dose
problems, should be undertaken. Likewise, the thermal and temperature
differences need to be fully understood. Finally, the optics community needs
to have in place a scheme for providing evaluated physical data including X-ray
interaction and thermophysical parameters which are valid for thin films. The
data interpolation schemes should also be formally evaluated, approved and
standardized.
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TABLE 1. Model problem spectra.

: Reference
Type Pul ration Fluence _Letter
(cal/cm?2)
Argon 28.6 ns 0.1, 0.5, A
and 0.9
Monoenergetic
(0.5, 1.0, 2.0, 5.0, 10.0, 20.0 and 50 keV) B
1 and 4 keV 10 ns 0.1 and 0.4 C
Blackbody respectively
TABLE 2. Test set matrix.
Spectra
Design A B C
1 X X X
2 X X
3 X X
4 X X X

All cases run with and without secondary effects. All cases provide dose data.
A and C include temperature at end of pulse. No temperature data for B.
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